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Selective Activation of Muscle Groups in the Feline 
Hindlimb Through Electrical Microstimulation of 
the Ventral Lumbo-Sacral Spinal Cord
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Abstract—Selective activation of muscle groups in the feline 
hindlimb by electrical stimulation of the ventral lumbo-sacral 
spinal cord was investigated. Spinal cord segments L5 to S1 were 
mapped using a penetrating tungsten needle electrode. Locations 
that produced isolated contraction of quadriceps, tibialis anterior 
or triceps surae/plantaris muscles when stimulated with a current 
of 40 fiA or less, and in which spread of activity to other muscles 
was not detected after increasing the stimulus to at least twice the 
threshold level, were defined as belonging to the target muscle’s 
“activation pool.” The quadriceps activation pool was found to 
extend from the beginning of L5 to the middle of L6. The tibialis 
anterior activation pool extended from the beginning of L6 to 
the middle of L7, and the triceps surae/plantaris activation pool 
extended from the caudal end of L6 to the beginning of S1. The 
three activation pools were located in Rexed motor lamina IX 
and their spatial organization was found to correspond well with 
that of the anatomically defined motor pools innervating the same 
muscles. The spatial and functional segregation of motor pools 
manifested at the spinal cord level can have direct applications in 
the areas of functional electrical stimulation and motor control.
Index Terms—Functional electrical stimulation, motor pools, 
spinal cord stimulation.
I. INTRODUCTION
PA R A LY SIS induced  by  an  acu te  spinal co rd  in ju ry  leaves the lim b m uscles and  m any  o f  th e ir innervating  m oto r 
neurons below  th e  level o f  the lesion  in tac t, bu t d isrupts 
com m unication  be tw een  the b ra in  and  the p eriphera l nervous 
system  [1 ]-[3 ]. In  th e  absence  o f  sp inal co rd  regeneration , 
a rtific ia l m eans have  been  developed  fo r resto ring  function  to 
p ara lyzed  lim bs and  organs. E lec trica l stim ula tion  o f  periphera l 
m o to r nerves and  sp inal sacral roo ts fo r resto ring  m obility  
and  effecting  m ic tu rition  in parap leg ia , as w ell as d iaph ragm  
pacing  in  quadrip leg ia , has been  ex tensively  investigated
[4 ]-[1 3 ]. T his technique, know n  as functional neu rom uscu la r 
stim ula tion  (FN S), uses m o to r p o in t o r cu ff e lec trodes to stim ­
u la te  nerv e  fibers innervating  various m uscles. T hough  som e 
success has b een  a ttribu ted  to  cu rren t FN S system s, several 
shortcom ings have  overshadow ed  th e ir effectiveness [14], [15].
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T hese shortcom ings inc lude  p rem atu re  lead  b reakage  due  to 
the im plan ta tion  o f  stim ulating  e lec trodes n ea r o r in m oving 
target tissue  [15]; dependence  o f  m usc le  response  on  location  
o f  the elec trodes re la tive  to  the m o to r po in t, w hich  resu lts 
in  unp red ic tab le  fo rce  recru itm en t p rofiles [16]; and  m uscle  
fa tigue due  to  th e  reversed  recru itm en t o rder o f  m o to r units and  
p ro longed  stim ula tion  o f  the sam e subset o f  m o to r units [17].
S om e o f  the p rob lem s associa ted  w ith  p eriphera l nerve  
FN S system s have  recen tly  p rom p ted  a t least one  group  o f  
researchers to  im plan t e lec trodes in  the lum bar roo ts, a  location  
fa r aw ay  fro m  contrac ting  m uscles [18]. Yet, the lack  o f  
selectiv ity  in  m usc le  activation  w hen  stim ulating  w ho le  roots 
has b een  a  confound ing  fac to r in  resto ring  functional m ob ility  
using th is approach .
W e p roposed  the use  o f  sp inal co rd  stim ula tion  in  FN S p ri­
m arily  fo r tw o reasons [19 ]-[24 ]: T he sp inal co rd  is d is tan t from  
contrac ting  m uscles, so e lec trodes im p lan ted  there in  w ill no t be 
sub jec ted  to  dam aging  stresses and  strains due to  m ovem ent o f  
the target tissue  [25]. T he lim ited  sp inal co rd  m ovem en t w ith in  
the sp inal co lum n has recen tly  b een  verified  in  a ch ron ic  study 
in  w h ich  e lec trodes w ere  im p lan ted  in  in tact, ac tive ly  m oving  
an im als fo r 6  m on ths [26]. T he lum bo-sacra l sp inal co rd  w hich  
houses the  ce ll bod ies o f  m o to r neurons innervating  the m uscles 
o f  the low er ex trem ities is com pressed , thereby  a llow ing  th e  ac ­
tivation  o f  essen tia lly  a ll low er ex trem ity  m uscles by  im plan ting  
elec trodes in  a  re la tive ly  sm all and  p ro tec ted  region.
In  estab lish ing  the feasib ility  o f  p roducing  functional m otion  
using a  sp inal co rd  FN S system , th ree  conditions n eed  to  b e  m et. 
F irst, the  system  shou ld  have th e  ab ility  to  se lectively  activate 
single m uscles o r synerg istic  m usc le  groups. Second , th e  system  
shou ld  allow  fo r sm ooth  an d  g raded  con tro l o f  fo rce  genera ted  
b y  th e  ac tivated  m uscle(s). T hird , the system  shou ld  have  the 
capab ility  to  reduce  the ra te  at w hich  the ac tivated  m uscles fa ­
tigue.
In  this paper, w e focus on the effectiveness o f  sp ina l co rd  
stim ula tion  in  activating  specific  m uscles o r m usc le  g roups in 
iso lation . T he  com pan ion  p ap er [27] d iscusses fo rce  recru itm en t 
th rough  spinal co rd  stim ulation . R eduction  o f  m usc le  fatigue 
using spinal co rd  stim ula tion  has been  rep o rted  e lsew here  [23], 
[24].
T he m o to r n u c le i o f  neurons innervating  h ind lim b  m uscles 
in  the ca t have b een  ex tensively  investigated  using  ch rom ato l­
ysis [28], [29], N issl [30] o r ho rserad ish  p e rox idase  stain ing 
[31 ]-[36 ] as cell m arkers o f  m o to r neurons in  the  ven tral ho rn  o f  
the m am m alian  lum bo-sacra l sp inal cord . R om anes [28] dem o n ­
stra ted  tha t m o to r neurons innervating  specific  fe line  h ind lim b
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m uscles a re  a rranged  in  d iscre te  colum ns in  the sp inal co rd  ven ­
tra l ho rn , b u t com m ented  th a t in term ing ling  o f  m o to r neurons 
innervating  various m uscles cou ld  no t be  ru led  ou t. H ow ever, in 
a  sag itta l sp inal co rd  section  th rough  the cen te r axis o f  the m e ­
d ia l gastrocnem ius cell colum n, B urke et al. [31] suggested  the 
p resence  o f  “re latively  ce ll-sparse  reg ions do rsa l and  ven tra l” 
to  the m ed ia l gastrocnem ius co lum n, separating  i t  from  cells o f  
o ther co lum ns. F urtherm ore , Iliya and  D u m  [32] dem onstra ted  
tha t the m o to r neurons innervating  tib ialis an terio r in  the  cat 
fo rm  a d is tinc t poo l in  the sp inal co rd  that is no t con tam inated  
b y  m o to r neurons innervating  o th er p re tib ia l flexo r m uscles.
T he invasion o f  m o to r n u c le i b y  neurons innervating  d ifferen t 
m uscles co u ld  occu r in  tw o form s. F irst, m o to r n uc le i cou ld  
con ta in  ce ll bodies o f  m o to r neurons innervating  m ore  than  one 
m uscle . Second, excitab le  fibers o f  neurons innervating  a  certa in  
m usc le  co u ld  travel th rough  reg ions occup ied  b y  m o to r nucle i 
innervating  o ther m uscles. W hile  the lack  o f  in te rm ing ling  o f  
n eu rona l ce ll bod ies innervating  tib ialis an terio r has b een  in d i­
ca ted  [32], con tam ination  o f  m o to r nucle i has n o t ye t b een  fu lly  
reso lved , leav ing  the p resence  o f  spatia l and  functional seg rega­
tion  on  the spinal co rd  level questionab le  fo r FN S applications.
In this study, w e investigated  w hether selective m u scu la r a c ti­
vation  occurs w hen  popu la tions o f  neurons in  the ven tral lum bo­
sacral sp inal co rd  o f  cats are  d irec tly  ac tivated  th rough  e lec­
trica l m icrostim ula tion . W hile  anatom ical sp inal co rd  m o to r n u ­
c lei studies have  been  concerned  w ith  analyzing  m o to r poo ls in  
term s o f  location  o f  ce ll bod ies , th e  focus o f  this w ork  is on 
the ex is tence  and  n a tu re  o f  activation  poo ls in  the lum bo-sacra l 
sp inal cord . W e define  activation  poo ls as reg ions in  the spinal 
co rd  gray  m ater fro m  w hich e lec trica l stim ula tion  evokes co n ­
trac tion  o f  ind iv idual m uscles o r m usc le  groups in iso lation . T he 
ex istence  o f  activation  pools co u ld  p rov ide  th e  basis fo r sp inal 
co rd  stim ula tion  in  FN S app lications. T his is  the first fu ll r e ­
p o rt on lum bosacra l m app ing  using e lec trica l m icrostim ula tion  
fo r th e  pu rpose  o f  design ing  sp inal co rd -based  FN S system  for 
con tro lling  the k nee  and  ankle.
II. METHODS
A  to ta l o f  29 adu lt cats (2.7 kg  o r larger) w ere  u sed  in  this 
study. A cute  lum bo-sacra l sp inal co rd  fine m app ing  experim ents 
w ere  p e rfo rm ed  on  e igh teen  cats. T he cats w ere  d iv ided  into 
th ree  g roups o f  six, w ith  each group  ded ica ted  to  investigating  
the ex is tence  and  na tu re  o f  the quadriceps, tib ialis an terio r or 
triceps surae/p lan taris activation  pool, respectively . Incom plete  
m aps w ere  ob ta ined  in  one  tib ialis an terio r and  one triceps 
su rae/p lan taris experim en t and  a re  no t in c lu d ed  in  the resu lts . 
C oarse  m aps in  w hich  fou r activation  poo ls w ere  m apped  at the 
sam e tim e (ham strings, quadriceps, tib ialis an te rio r and  triceps 
su rae /p lan taris) w ere  ob ta ined  from  11 an im als.
T he com plex ity  o f  the prepara tive  surgery, the extensive 
am oun t o f  data  co llected , and  the n eed  to  w ait long enough  
be tw een  stim uli to  avoid  m usc le  fa tigue  m ean t tha t the ex p er­
im ents w ou ld  typ ica lly  las t in excess o f  36 h. To m ain ta in  a  
v iable, stab le  p repara tion  fo r this leng th  o f  tim e, th e  overrid ing 
considera tion  in  the experim en ta l setup  w as to  m in im ize  the 
d isrup tion  o f  th e  b lo o d  supply  to  th e  nerves and  m uscles o f  the 
leg and  spinal cord.
A. A n im a l P repara tion  a n d  E xperim en ta l Setup
A nesthesia  w as in d u ced  w ith  an  in traperitonea l in jec tio n  o f 
sod ium  pen tobarb ita l (40 m g/kg) and  m ain ta ined  w ith  a  1: 10 
lac ta ted  ringers d ilu tion  o f  the anesthetic  w h ich  w as adm in istered  
as n eed ed  th rough  the cephalic  vein. E ach  an im al w as p laced  on 
a h e a te d  p la te  and  its body  tem pera tu re  w as m ain ta ined  n ear 37.5 
°C. Tw o h ip  p ins and  a  spinal c lam p fo r rig id ly  ho ld ing  the spinous 
p rocess o f  v e rteb raL 3  w ere  u sed  (Fig. 1), and  a  lam inectom y w as 
p e rfo rm ed  to  expose sp inal co rd  segm ents L 4 -S 2 . N o te  tha t the 
segm ents o f  th e  sp inal co rd  lum bar en largem en t in  a  ca t (L 5 -S 1 ) 
com prise  a 3 cm -long  reg io n  covered  b y  a sing le  vertebra  (L5) 
[37]. T he  d u ra  m a te r w as opened  using  iridectom y scissors and  
re flec ted  to  the rig h t side o f  the spinal cord.
F o r th e  fine m app ing  experim ents bone  p in s w ere  p laced  in  
the m ed ia l p ro x im al surface and  m ed ia l m alleo lus o f  th e  tib ia  
to  allow  fo r isom etric  m u scu la r fo rce  m easurem en ts. A n  ad d i­
tional p in  in  the la tera l ep icondy le  o f  the fem u r w as n eed ed  to 
p reven t ro ta tion  abou t th e  iliac  cres t p ins and  hip . T he p lacem en t 
o f  th e  fem oral p in  caused  m in im al m usc le  d is tu rbance  (if  any) 
in  a ll an im als. T he p ins and  foo tpad  tran sducer p laced  the  hip, 
k nee  and  ank le  a t 90° angles. T he  pa te lla r ligam en t w as detached  
from  its  po in t o f  in se rtio n  and  a ttached  to  a fo rce  transducer 
(m odel SM -25, In terface, Sco ttsdale , A Z). T he p a te lla r tran s­
ducer w as u sed  to  quan tify  the fo rce  genera ted  b y  the quadriceps 
m usc le  g roup  w hen  th e  quadriceps activation  p o o l w as under 
investigation , and  to  detec t stim ulus sp read  to  the quadriceps 
m usc le  g roup  w hen  the tib ialis an te rio r o r triceps surae/p lan- 
taris activation  poo ls w ere  m apped . T he tib ialis an te rio r and  
A ch illes/p lan taris  tendons w ere  left in tac t w hen  the quadriceps 
activation  poo l w as m apped , bu t each w as de tached  from  its 
p o in t o f  in se rtio n  and  a ttached  to  a fo rce tran sducer (m odel 
SM -25  fo r A chilles/p lan taris  tendon  and  m odel M B -5  fo r tib ­
ialis an te rio r tendon , In terface, S cottsdale, A Z) w hen  th e  ac tiva­
tion  poo l o f  the ir respective  m uscle(s) w as studied . T he reco rd ­
ings fro m  th e  fo rce  tran sducer a ttached  to  th e  m usc le  o f  in terest 
w ere  fu rther p rocessed  to  quan tify  fo rce  recru itm en t as a func­
tion  o f  stim ulus strength  (see the com pan ion  pap er [27]).
B ipo la r in tram uscu la r E M G  elec trodes w ere  p laced  c lose  to 
the m o to r po in ts in  b iceps fem oris and  sem im em branosus/sem i- 
tendenosus m uscles. E ach  e lec trode  in  a p a ir o f  in tram uscu la r 
E M G  elec trodes w as p repared  by  passing  a fine  w ire, in su la ted  
excep t fo r a 1 m m  tip, th rough  a 2 8 -gauge hypoderm ic  need le . 
T he e lec trodes w ere  p laced  in the  m usc le  5 m m  apart. S ignals in 
each e lec trode  w ere  reco rd ed  re la tive  to  the hypoderm ic  need le  
shield. E M G  activ ity  in  a m u sc le  w as de tec ted  b y  d ifferen tia l 
reco rd ing  be tw een  the p a ired  electrodes.
T he  design  and  p lacem en t o f  these  e lec trodes w as such that 
the ir ab ility  to  detec t m usc le  fiber ac tion  po ten tia ls  w ith in  the 
m usc le  they  w ere  p laced  in  w as com parab le  to  the sensitiv ity  
o f  the fo rce  transducers u sed  to  detec t m usc le  force, w h ile  at 
the sam e tim e they  d id  n o t p ick  up m easu rab le  cro ssta lk  from  
n e ighboring  m usc le  groups w hen  the la tte r w ere  stim ula ted  w ith  
m ax im al, sing le  pu lse  stim uli delivered  to  the sp inal cord . T he 
fo rm er re lied  on the ran d o m  d istribu tion  o f  m usc le  fibers o f  single 
m o to r units in  the m uscle , and  the  la tte r re lied  on  the com m on 
m o d e  re jec tion  p roperties o f  d ifferen tia l reco rd ings. T he E M G  
record ings w ere  u sed  to  d e tec t the p resence  o f  ac tiv ity  in  m uscles
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Fig. 1. Experimental setup for mapping the quadriceps activation pool in the cat. A force transducer was attached to the patellar tendon to measure the isometric 
force generated by quadriceps contraction. A combination of transducers and EMG electrodes were used to detect activity in the remaining muscles of the leg 
when stimulus spread to motor neurons innervating other muscles occurred. When tibialis anterior or triceps surae/plantaris activation pools were mapped, their 
respective tendons were detached from their points of insertion and attached to a force transducer.
Fig. 2. Cross section from the caudal end of the quadriceps activation pool 
illustrated in Fig. 3. The asterisks refer to locations where no muscular activity 
was detected when a 40- A stimulus was delivered. The white circles refer to 
locations where activity in the target muscle was detected with stimuli of 40 /.t A 
or less, but the stimulation range was less than 2 (i.e., selective activity in the 
target muscle was not maintained when the stimulus was increased to twice the 
threshold current level). The black circle refers to the location where activity 
in the target muscle was detected with a stimulus 40 A and the stimulation 
range was >2. The hatched area surrounding this point shows the outline of the 
activation pool at this level.
o ther than  a  ta rge t m uscle , and  w ere  n o t fu rther p rocessed  (i.e., no 
a ttem p t w as m ade  to  fu rther quan tify  the  E M G  activ ity  n o r to  use 
it fo r estim ating  the  am oun t o f  genera ted  ham strings force).
A  fo rce  tran sducer (m odel M B -5 , In terface, Sco ttsdale , A Z) 
w as p laced  on  th e  an im a l’s foo tpad  to  detec t con trac tion  o f  m u s­
cles con tro lling  the ank le  and  the paw . P lan tarflex ion  con trac­
tions o f  the ank le  d e flec ted  the tran sducer upw ards in  th e  sagittal 
p lane, w h ile  do rsiflex ion  contrac tions d eflec ted  it  dow nw ards. 
S im ilarly , paw  flex ion  d eflec ted  th e  tran sducer upw ards w hile  
paw  ex tension  d eflec ted  it  dow nw ards. In  p re lim inary  studies,
con trac tion  o f  m uscles an terio r and  po ste rio r to  the tib ia  was no t 
found  to  com plete ly  cancel the forces in  transducers a ttached  
separately  to  each  set o f  m usc les: therefore , the use  o f  a  single 
foo tpad  fo rce  tran sducer w h ich  e lim ina ted  th e  d isrup tion  o f  v es­
sels and  m usc le  tendons w as deem ed  appropria te  and  adequate  
fo r m on ito ring  ank le  and  paw  m ovem ents . A s w ith  th e  E M G  
record ings, the o u tp u t o f  th is tran sducer w as u sed  to  detec t co n ­
tractions in  m uscles o th er than  a  m usc le  o f  in terest and  the sig ­
nals w ere  no t fu rther processed .
W ith  th is setup , con trac tions in  m uscles con tro lling  the ank le  
and  paw  (i.e., a ll shank  m uscles) w ere  m o n ito red  th rough  the 
foo tpad  transducer. T he ham string  E M G  elec trodes and  the 
p a te lla r ligam en t fo rce  tran sducer a llow ed  fo r m on ito ring  o f  
ac tiv ity  in  the m ain  m uscles o f  th e  th igh. H ow ever, this setup  
d id  no t allow  d iscrim ination  be tw een  m ono- an d  b ia rticu la r 
m uscles w ith in  these groups. To do  so w ou ld  have  requ ired  
a  m ore  ex tensive d issec tion  o f  the leg, w h ich  w ou ld  have 
com prom ised  th e  in tegrity  o f  the p repara tion  over the duration  
o f  an ind iv idual experim ent.
B. S tim ula tion  P ro toco l a n d  D a ta  A cq u isitio n
B oth  stim ula tion  o f  th e  sp inal co rd  and  reco rd ing  o f  m uscle  
ac tiv ity  w ere  p e rfo rm ed  using an IB M  com patib le  80486  com ­
puter. T he com pu ter genera ted  stim uli w ere  sen t th rough  a  dig- 
ita l-to -analog  converter to  a vo ltage  con tro lled  constan t cu rren t 
source p rio r to  de livery  to  the stim ulating  e lec trode. A ctiv ity  
from  fo rce  transducers and  E M G  elec trodes w as d ig itized  at 4  
kH z fo r 200  m s.
A  100-/L/m d iam eter tungsten  ro d  (A M  System s, E verett, 
W A), in su la ted  w ith  epoxy  excep t fo r the elec tro ly tica lly  
sharpened  tip  (50-/i/m exposed  tip, im pedance 2 5 -5 0  kQ  ), w as 
m oun ted  in  a th ree-d im ensional (3-D ) m icrom an ipu la to r and  
used  to  stim ula te  the ven tral lum bo-sacra l sp inal cord . T he 
elec trode  w as vertica lly  advanced  th rough  the do rsa l ho rn  and  
m app ing  o f  the ven tral ho rn  p rog ressed  in  0 .2 5 -0 .5 -m m  steps
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Fig. 3. Example of a typical quadriceps activation pool. The spacing between the cross sections is 1 mm. Segment labels refer to the location of the cross sections 
relative to the rostral end of each segment: e.g., L5.24 means that the cross section was obtained from segment L5 and was located 24% of the way between the 
segment’s rostral and caudal ends. The first cross section is the rostral level at which the quadriceps activation pool was first detected. The last cross section marks 
the caudal end of the pool. The graph in the upper right shows the pool’s cross sectional area at each level. The inset on the left outlines Rexed’s lamina at the 
indicated level [43] and [58]. Scale bars: 1 mm.
in  the do rsa l-ven tra l and  m ed ia l-la te ra l d im ensions and  in  1 m m  
steps in  the ro s tra l-cauda l d im ension . Increm en t steps in  the 
th ree  d im ensions w ere  d eterm ined  fro m  p re lim inary  m app ing  
experim ents [19]. T hey  w ere  a lso  d eterm ined  from  spinal co rd  
m icro stim u la tion  studies in  w h ich  effective cu rren t spread 
th rough  a  sing le  e lec trode , fo rce  sum m ation  ob ta ined  th rough  
m ultie lec trode  stim ula tion  and  am ount o f tissue  d isp lacem ent 
due  to  e lec trode  array  im plan ta tion  w ere  investiga ted  w ith  
regards to  p o ten tia l FN S app lications [24]. A n 18-gauge m eta l 
hypoderm ic  n eed le  w as p laced  in  th e  r igh t la tissim us dorsi 
m usc le  and  served  as the re tu rn  e lec trode. A t each  location , 
single 600-/L/s-long ca thod ic  first, b iphasic  pu lses w ith  500-//S 
in terphase  in tervals an d  varying pu lse  am plitudes w ere  deliv ­
ered, and  fo rce  genera tion  in  th e  target m usc le  (quadriceps, 
tib ialis an te rio r o r triceps su rae/p lan taris) w as reco rded . I f  a  
con trac tion  w as detec ted  in  the target m uscle , th e  th resho ld  
cu rren t fo r generating  m usc le  force, as defined  below , w as then 
determ ined . T he pu lse  am plitude  w as then  increased  un til e ither 
ac tiv ity  in  ano ther m usc le  w as detec ted , o r an  am p litude  o f  
100 // A w as reached . T he stim ula tion  range (m ax im um  curren t 
befo re  sp read  o f  ac tiv ity  to  o ther m usc le  g roups re la tive  to  the 
th resho ld  curren t) w as ca lcu lated . T he stim ula tion  p ro toco l 
con tinued  un til stim ula tion  o f  new  spinal co rd  locations no 
longer p ro d u ced  activ ity  in  the target m uscle . T hroughou t the 
du ra tion  o f  th e  experim ent, the v iab ility  o f  each  p repara tion  w as 
tes ted  b y  period ica lly  stim ulating  various spinal co rd  locations 
m ap p ed  early  in  th e  experim en t and  com paring  the resu lting  
m usc le  responses. In  all cases, m usc le  responses ob ta ined  la ter 
in  the experim ents w ere  w ith in  10%  o f those  ob ta ined  earlier.
A t the end  o f  the experim ent, 7 0 -//m  elec tro ly tic  lesions 
(7 0 -9 0  /j,A  fo r 30 s) w ere p laced  in  the spinal co rd  to  serve 
as location  m arkers. T he an im als w ere  deep ly  anesthetized ,
in jec ted  w ith  heparin , and  p erfu sed  th rough  the hea rt w ith  a 
buffered , 3 .7%  fo rm aldehyde fixative using our standard  lab o ­
ra to ry  procedures [38 ]-[4 0 ]. T he stim u la ted  reg ion  o f  the spinal 
co rd  w as rem oved  and  the  ven tra l and  dorsal roo tle ts w ere  used  
to  verify  the location  and  ex ten t o f  the stim ula ted  lum bo-sacra l 
segm ents. T he spinal co rd  w as then  sliced  in  25-/j,m  transverse 
sections. T he e lec tro ly tic  lesions w ere  loca ted  and  the sites 
o f  sp inal co rd  stim ula tion  w ere  determ ined . E lec trode  tracks 
w ith in  a  sp inal co rd  cross section  w ere  para lle l to  each  o th er as 
w ou ld  be  expected  w hen  using a  stereo tax ic  setup  as the one 
u sed  in  these  experim ents. P ho tographs o f  the co rd  sections 
w ere  taken  an d  d ig itized  using  A u toC ad  LT.
C. D etection  o f  A c tiv ity
F o r on line  detec tion  o f  m usc le  activity, the E M G  signals w ere 
bandpass filte red  (1 0 -1 0  000  H z), am p lified  1000 tim es, rec tified  
and  div ided  in to  15-m s b ins. T he m ean  signal am p litude  in  each 
o f  th e  b in s w as com pared  to  the b ackg round  (o r base line) level o f  
the co rrespond ing  channel acqu ired  2 0 0  m s im m edia te ly  p rio r to 
the delivery  o f  the stim ulus. P resence  o f  ac tiv ity  w as estab lished  
i f  the m ean  rec tif ied  E M G  in any  b in  w as h ig h er than  m ean  + 3  
SD  o fb ase lin e  activity. Sim ilarly , the ou tpu ts from  the fo rce  tran s­
ducers w ere  am p lified  1000 tim es and  d iv ided  in to  25 m s b ins and  
the p resence  o f  m usc le  con trac tion  w as estab lished  if  the m ean  
signal am plitude  in  any  b in  w as la rger than  the m ean  + 3  SD  o f 
the correspond ing  fo rce  ch an n e l’s b ackg round  level. T hough  the 
c rite ria  fo r de tec tion  o f  fo rce  and  E M G  activ ity  w ere  w ell w ith in  
lim its e s ta b lish e d in th e lite ra tu re (e .g ., Sainburg  e ta l. [41]), these 
c rite ria  a lm ost certa in ly  m ean t tha t th resho ld  rep resen ted  m ulti- 
ra th er than  sing le-m o to r u n it activity. H ow ever, as show n in  the 
com pan ion  pap er [27], th resho ld  d id  rep resen t a  very  low  level o f  
fo rce  p roduction .
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D. D ata  P rocessing
O nce the im ages o f  th e  sp inal co rd  cross sections w ere  
d ig itized , a ll the  stim ula tion  sites w ere  iden tified  as show n in 
F ig . 2. I f  a  location  p roduced  activ ity  in  the ta rge t m usc le  w ith  
a th resho ld  cu rren t o f  4 0  /j A  o r less and  h ad  a stim ula tion  range 
o f  a t least 2  (i.e ., selective activation  o f  th e  target m usc le  w as 
m ain ta ined  a fte r the  stim ulus w as increased  to  at least tw ice 
the th resho ld  cu rren t level), the  location  w as said  to  b e  p art o f  
the target m u sc le ’s “activation  p o o l.” A  stim ula tion  range o f  at 
least 2  w as chosen  to  a llow  fo r adequate  fo rce  recru itm en t as a 
function  o f  stim ulus streng th  [27]. A  th resho ld  cu rren t o f  4 0  /j,A  
w as chosen  b ased  on safe  e lec trica l stim ula tion  c rite ria  fo r the 
e lec trode d im ensions u sed  in  these experim ents (surface area 
a round  5600 j a n 2) an d  on  the n eed  to  have a stim ula tion  range 
o f  at least 2  and  a  m ax im u m  stim ula tion  cu rren t o f  100 /j,A  
[42]. E lec trica l stim ula tion  safety  c rite ria  in  the  cen tra l nervous 
system  w ere  p redom inan tly  d eterm ined  in  co rtica l tissue. In 
the absence  o f  sim ilar pub lish ed  studies in  th e  sp inal cord , it 
w as assum ed  that th e  reaction  o f  the spinal co rd  gray  m a te r to 
e lec trica l stim ula tion  w ou ld  b e  sim ilar to  tha t o f  co rtica l tissue. 
T he  te rm  “activation  p o o l,” therefore , refers to  a ll the sp inal 
co rd  gray  m a te r locations a t w hich  activ ity  w as detec ted  in  the 
target m usc le  in  iso la tion , using  the crite ria  d escribed  above. A  
sm all percen tage  (< 5% ) o f  sp inal co rd  locations th a t m e t the 
activation  poo l stim ula tion  crite ria  w ere  loca ted  in  the w hite  
m ater. T hose  locations w ere  iden tified  during  the h is to log ica l 
analysis o f  tissue  and  w ere  d isregarded  (i.e., excluded  from  the 
activation  poo ls). T his w as p rim arily  done to  reflec t the clin ical 
rea lity  o f  sp inal co rd  in juries w here  descend ing  and  ascending  
tracts in  th e  w h ite  m a te r are  usually  d isrup ted . B y  disregard ing  
all w h ite  m a te r locations, som e locations from  w hich  m oto r 
n euron  axons w ere  ac tiva ted  m ig h t have been  inadverten tly  
lost.
T he ou tline  o f  th e  activation  poo l in  each  ca t w as m arked  
on cross sections spaced  1  m m  apart b y  d raw ing  a line around  
the po in ts fo rm ing  the pool. T he line  w as draw n such  tha t it 
fe ll m idw ay  b e tw een  th e  po in ts in s ide  th e  p oo l and  those  o u t­
side the pool. U sing  this technique, the stim u la ted  po rtio n  o f  
the sp inal co rd  w as reconstruc ted  and  the activation  p o o l o f  the 
m usc le  w as determ ined . T he dorsal-ven tral, m ed ia l-la te ra l and  
ro stra l-caudal extents o f  each  poo l w ere  m easu red  and  the poo l 
vo lum e calcu lated .
E. C oarse M app ing
To d eterm ine  th e  re la tive  a rrangem ent o f  the m ain  knee  and  
ank le  flexor an d  ex tenso r m usc le  activation  pools, coarse  spinal 
co rd  m app ing  experim en ts w ere  com pleted  on  11 adu lt cats. 
S o d iu m  pen tobarb ita l anesthesia  w as in d u ced  and  m ain ta ined  
as described  above. In  these  experim ents, the an im al w as p o ­
sitioned  in  the K opf spinal unit, and  its le ft h ind lim b  w as a l­
low ed  to  m ove free ly  above the hea ted  p late. S p ina l co rd  seg ­
m en ts L 4 -S 2  w ere  exposed  and  m app ing  o f  the le ft side o f  the 
spinal co rd  p roceeded  in  1 m m  increm en ts in  the  do rsa l-ven ­
tral, m ed ia l-la te ra l and  ro stra l-caudal d im ensions using  a  tu n g ­
sten  n eed le  e lec trode. T he stim uli consisted  o f  trains o f  pu lse
A B C
Fig. 4. Variability between quadriceps activation pools. Shown are quadriceps 
activation pools from the animal illustrated in Fig. 3 (B) and two other cats 
(A and C). The pools are representative of all the quadriceps activation pools 
mapped in this study. Each pool is displayed by dimensioning it relative to 
the dimensions of the spinal cord segments from which it was obtained, rather 
than by absolute size. The scale in the figure shows the pools’ segmental level 
location: e.g., L5.2 indicates a location 20% caudal to L5’s rostral end.
am plitude m odu la ted , rectangular, 2 0 0 - / j , s  duration  pu lses d e ­
livered  a t 50 H z fo r 500  m s. T hese trains p roduced  te tan ic  co n ­
tractions th a t a llow ed  the use  o f  pa lpa tion  and  v isual inspection  
to  detec t activ ity  in  th e  quadriceps, ham strings, tib ialis an terio r 
and  triceps su rae/p lan taris m uscles [19]. T hresho lds determ ined  
by  pa lpa tion  an d  v isual inspection  w ere ± 1 0  /j,A  w ith in  those 
determ ined  by  E M G  activ ity  reco rd ed  th rough  in tram uscu larly  
im p lan ted  e lec trodes [26]. I f  a t any site h ind lim b  contractions 
cou ld  no t be  loca lized  to  a sing le  m uscle , that sp inal co rd  site  
w as co nsidered  as no t be ing  p art o f  an activation  pool. A ctiva­
tion  poo ls w ere  defined  using the th resho ld  cu rren t and  stim ula­
tion  ran g e  c rite ria  p resen ted  above fo r th e  fine m app ing  experi­
m ents. F o r each  cat, 3-D  g raphs com bin ing  the fou r poo ls w ere 
constructed  to  a llow  fo r p roper v isualiza tion  o f  th e  re la tive  spa­
tia l a rrangem en t o f  the pools in  the spinal cord.
It is im portan t to  no te  th a t the focus o f  this se t o f  experim ents 
w as to  determ ine  the re la tive  a rrangem ent in  the lum bo-sacra l 
sp inal co rd  o f  the activation  poo ls con tro lling  th e  m ain  k nee  and  
ank le  flexor an d  ex tenso r m uscles, n o t to  de term ine  in  deta il the 
boundaries o f  th e  pools. T he  use  o f  m usc le  ac tiv ity  detec tion  
th rough  pa lpa tion  and  v isual in spec tion  w as necessary  to  allow  
fo r com pletion  o f  the experim en ts w h ile  th e  p repara tions w ere 
still v iab le  (36 h  o r less).
16 IEEE TRANSACTIONS ON REHABILITATION ENGINEERING, VOL. 8, NO. 1, MARCH 2000
L7 .92
Fig. 5. Example of a typical tibialis anterior activation pool. Format as Fig. 3.
III. RESULTS
A. A n a to m ica l O rgan iza tion  o f A c tiva tio n  P ools
A n exam ple  o f  a typ ica l quadriceps activation  poo l is show n 
in  F ig . 3. T he cross sections a re  1 m m  apart and  w ere  ob ta ined  
from  lum bar segm ents L 5  and  L 6 . T he  first cross section  m arks 
the m ost c ran ia l level a t w h ich  th e  quadriceps activation  poo l 
w as de tec ted  and  the last cross section  m arks the caudal end  
o f  the pool. C ross section  labels re fe r to  the ir location  re lative 
to  the ro s tra l en d  o f  the lum bar sp inal segm en t fro m  w hich  they 
w ere  ob tained . T he ha tch ed  reg ion  rep resen ts th e  activation  poo l 
a t that level.
In  the exam ple  show n in  F ig . 3, th e  quadriceps activation  
poo l w as cen te red  a round  th e  L 5 /L 6  ju n c tio n  and  ex tended  over 
nearly  th ree  quarters o f  bo th  L 5  and  L 6  segm ents. T he low er 
left co rner o f  the figu re  prov ides an en largem en t o f  cross sec­
tion  w ith  an  ou tline  o f  the R exed  lam inae  [43]. In  a ll the  cross 
sections th e  poo l w as loca ted  in  R exed  m o to r lam in a  IX . T he 
u pper r igh t h an d  inse t is a  p lo t o f  the quadriceps activation  
poo l cross sec tional area  a long  its ro s tra l-cauda l d im ension . T he 
first b a r in  the graph  rep resen ts the area o f  th e  h a tched  reg ion  
in  the first cross section  o f  th e  pool, w h ile  the last b a r rep re ­
sents the area o f  the ha tch ed  reg ion  in th e  last cross section . 
T he g raph  dem onstra tes that the poo l cross sec tional a rea  w as 
n o t constan t a long  its length: rather, th e  po o l h ad  alternating  re ­
g ions o f  increasing  and  decreasing  cross sec tional area, giving 
it  an overall “bead -like” appearance . T he  quadriceps activation  
p o o l’s bead -like  shape w as ap p aren t in a ll six an im als, w ith  four 
poo ls exhib iting  a  narrow ing  tow ard  th e  m idd le  o f  th e ir ro s­
tra l-caudal axis and  tw o possessing  narrow  reg ions a t the ir ro s­
tra l an d  caudal ends.
F ig . 4  show s th e  quadriceps activation  poo l in  F ig . 3 a long 
w ith  poo ls fro m  tw o o ther anim als. T he  poo ls a re  rep resen ta tive  
o f  the quadriceps activation  poo ls m apped  in  this study. In  this 
figure and  in  F igs . 6  and  8 , th e  m aps o f  an ind iv idual are  scaled
Fig. 6. 
Fig. 4.
Variability between tibialis anterior activation pools. Format as in
b y  sp inal co rd  segm ent, no t abso lu te  d istance. T he figure illu s­
tra tes that the ro stra l-caudal ex ten t o f  the quadriceps activation  
poo ls w as consisten t, as w as the ir location  in  the ven tral gray  
m a te r o f  the cord . N o te  tha t though  the cross sec tional a rea  o f 
the poo ls changed  along the ir ro s tra l-cauda l excursion , the pools
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Fig. 7. Example of a typical triceps surae/plantaris activation pool. Format as Fig. 3.
w ere  consisten tly  loca ted  in  lam in a  IX . O n average, the qu ad ri­
ceps activation  poo ls started  a t L 5 .19  (i.e., 19% o f  the w ay  b e ­
tw een  the beg inn ing  and  end  o f  L 5) and  ex tended  to  L 6.52.
A n  exam ple o f  a  tib ialis an terio r activation  poo l is show n in 
F ig . 5. A s in  F ig . 3 , the cross sections are  1 m m  apart and  the 
ha tched  reg ions show  the activation  poo l at the level o f  each 
section . In  th is exam ple, th e  poo l w as found  to  span the caudal 
th ree quarters o f  segm en t L 6  and  a lm ost the fu ll leng th  o f  L7. 
S im ilar to  the quadriceps activation  pool, the  tib ialis an terio r 
p oo l w as loca ted  in  R exed  m o to r lam in a  IX . T he change in  cross 
sec tional area  o f  the tib ialis an terio r activation  poo l a long its 
ro stra l-caudal ex ten t gave it  a  genera l bead-like  appearance  tha t 
h ad  narrow ing  reg ions tow ard  the ro stra l and  caudal ends o f  the 
poo l. T he bead -like  shape o f  the poo l w as consisten t in  all five 
cats.
F ig . 6  show s the tib ialis an terio r activation  poo l in  F ig . 5 
a long w ith  poo ls fro m  tw o o ther an im als . T he th ree  poo ls are  
rep resen ta tive  o f  th e  variab ility  observed  b e tw een  all tib ialis 
an terio r poo ls ob ta ined  in  this study. T he figure show s w hile  
the poo ls o rig ina ted  from  the sam e ro s tra l lum bar level, som e 
variab ility  w as p resen t in  th e ir caudal te rm ination . O n average, 
the tib ialis an te rio r poo ls ex tended  from  L 6 .10  to  L 7 .59 . T hey 
w ere  consisten tly  found  to lie  in  the la tera l po rtion  o f  the ven ­
tra l g ray  m a te r and  w ere  alw ays in  lam in a  IX . C om pared  to  the 
location  o f  th e  quadriceps activation  pools, the tib ialis an terio r 
poo ls w ere  m ore  caudal in  the lum bar spinal cord , m ore  lateral, 
and  ex tended  sligh tly  m ore  dorsally.
F ig . 7 show s an  exam ple  o f  a  triceps surae/p lan taris activation  
poo l using  th e  sam e fo rm at described  above. T he p o o l occup ied  
a  sm all po rtion  o f  the  caudal end  o f  L 6 , the  en tire  L 7 segm ent, 
and  a  sm all po rtion  o f  the ro s tra l end  o f  S1, and  w as located  
in  R exed  lam in a  IX . T he cross sec tional a rea  o f  the p oo l varied  
along the ro stra l-caudal axis and  also  h ad  a  bead-like  appear­
ance.
F ig . 8 show s the triceps su rae/p lan taris poo l o f  F ig . 7 along 
w ith  poo ls from  tw o o ther anim als. T he poo ls in  F ig . 8 a re  rep re ­
sentative o f  a ll five triceps su rae/p lan taris pools ob ta in ed  in  this 
study. A  no ticeab le  variab ility  be tw een  tricepse /p lan taris  pools 
ob ta ined  from  d iffe ren t an im als w as in  th e  location  o f  the rostra l 
end  o f  the  pool. T he cross sec tional a rea  o f  the pools dem o n ­
stra ted  a  genera l bead -like  appearance  w ith  frequen t narrow ing  
a round  th e  cen te r o f  the poo l. O n average, these  pools, w hich  
ex tended  from  L 6.83 to  S1.36, w ere  loca ted  m ed ia l and  caudal 
to  the tib ialis an terio r pools, though  the tw o poo ls shared  parts 
o f  lum bar segm ents L 6  and  L7.
Table I p rov ides a  com parison  o f  the locations and  re lative 
d im ensions o f  the th ree  activation  pools. O f these  m easures, 
the m o s t strik ing d ifferences be tw een  activation  pools w ere  in 
their segm ental levels. T his is m ore  c lea rly  show n in F ig . 9. 
T he figu re  w as construc ted  fro m  p o o l sites ob ta ined  by  coarsely  
m app ing  the left side o f  the sp inal co rd  a t 1 m m  increm ents 
in  th ree d im ensions, and  includes the ham string  group  w hich  
w as n o t stud ied  w ith  th e  fine m app ing  described  above. T he tick  
m arks are  1 m m  apart and  the  in tersec tion  o f  th e  th ree axes is 
on  the  sp inal co rd  m id line . T he vertica l ax is show s the  location  
o f  the pools re lative to  the dorsal surface o f  the sp inal cord; the 
axis leav ing  the p lan e  o f  the pap er show s the location  o f  the poo l 
re la tive to the spinal co rd  m id line ; and  the ho rizon ta l axis show s 
ro stra l-caudal position .
T he figure illu stra tes tha t th e  quadriceps p oo l is positioned  
m ore  rostra lly  than  the o th er pools. T he tib ialis an terio r poo l is 
m ore  la tera lly  located , and  the ham strings poo l extends m ore  
caudally  than  the rem ain ing  pools. T he triceps surae/p lan taris 
pool, under-rep resen ted  in  this exam ple, is situa ted  m ed ia l and  
caudal to  the tib ialis an te rio r poo l and  caudal to  the quadriceps 
pool. T he ham strings poo l has a  long fu s ifo rm  shape w ith  its 
w idest reg ion  ly ing m ain ly  in  L 7  and  its narrow  ro s tra l and  
caudal ends ex tend ing  to  L 6  and  S1, respectively . A side  from  
exhib iting  som e shifting  in  the ro s tra l-cauda l d im ension , the rel-
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Fig. 8 . Variability between triceps surae/plantaris activation pools. Format as 
in Fig. 4.
TABLE I
Relative Location and Dimensions of 
Quadriceps (Q), Tibialis Anterior (TA) and Triceps Surae/Plantaris 
(TS) Activation Pools in the Lumbo-Sacral Spinal Cord
Parameter Relationship
craniality Q »  TA »  TS
laterality TA > TS »  Q
ventrality Q »  TA = TS
length Q = TA = TS
width TS = Q > TA
height TA »  TS »  Q
volume* TA = Q = TS
Pools are listed in the order of the magnitude of the respective 
parameter. Statistical significance: » ,  p < 0.01; >, p < 0.05; = 
p > 0.05 (Student f-test, a =  0.05).
♦Activation pool volume was determined by summing the pool 
cross-sectional areas along their rostral-caudal extension.
ative spatia l a rrangem en t o f  the fo u r poo ls show n in  F ig . 9 w as 
consis ten t be tw een  an im als [19].
B. E lec trophysio log ica l C haracteristics o f  A c tiva tio n  Pools
Fig. 10 gives th e  cum ulative d is tribu tion  o f  th resho ld  levels 
fo r the quadriceps, tib ialis an te rio r and  triceps surae/p lan taris 
activation  pools. T he pu lse  w id th  o f  the rec tangu la r b iphasic  
stim uli w as h e ld  constan t a t 600  /j ,s  and  the in terphase  in terval 
w as 500  /is . T he  m ajo rity  o f  locations in  the activation  pools 
req u ired  low  stim ulus levels to  activate  the ir respective  m uscles. 
M ean  and  standard  e rro r th resho ld  cu rren t values fo r quadriceps, 
tib ialis an terio r and  triceps surae/p lan taris activation  poo ls w ere
13.9 ±  0.6  ijA , 15.9 ±  0 .4  / iA ,  and  15.5 ±  0 .6  / iA ,  respectively .
F ig . 11 show s th e  d is tribu tion  o f  stim ula tion  ranges in  the 
th ree  pools. F o r all th ree  pools, the  stim ulus am p litude  co u ld  be 
substan tia lly  in creased  beyond  the th resho ld  level befo re  spread 
o f  ac tiv ity  w as detec ted . M ean  and  standard  erro r stim ulation  
ran g e  values fo r the  quadriceps, tib ialis an terio r and  triceps 
su rae/p lan taris activation  p o o l w ere  7.9 ±  0.4, 7 .5  ±  0.3, and
5.0 ±  0.2, respectively.
IV. D isc u s s io n
A. A c tiva tio n  P ool L oca tion  an d  P rofile
T he quadriceps, tib ialis an terio r and  triceps surae/p lan taris 
activation  poo ls w ere  loca ted  in  R exed  m o to r lam ina  IX  in  the 
ven tral lum bo-sacra l sp inal cord . T he location  o f  the  poo ls w as 
consisten t re la tive  to  the spinal co rd  m id line  and  dorsal surface, 
b u t som e variab ility  w as n o ticed  in  the location  o f  the p o o ls ’ ro s­
tra l and  caudal boundaries. T his variab ility  co u ld  b e  due  to  d if­
ferences in  ven tral roo t con tribu tions to  the lum bo-sacra l p lexus 
o f  cats w hich  have  conven tionally  c lassified  the an im als as p re  
o r p o st fixed  [28]. Yet, even w ith  the ro s tra l-cauda l "shifting" 
o f  pools, the spatia l a rrangem en t o f  the activation  poo ls re lative 
to  each  o ther in  the lum bo-sacra l sp inal co rd  w as consisten t b e ­
tw een  an im als. T his is o f  g rea t im portance  fo r a  sp inal co rd  FN S 
system  designed  fo r resto ring  m ob ility  fo llow ing a  sp inal co rd  
injury. I t dem onstra tes tha t there  is little  variab ility  be tw een  an ­
im als in  the location  o f  activation  poo ls re la tive to  each  other. 
T herefore , once  a single activation  p o o l is located , the location  
o f  the  rem ain ing  poo ls m ay  b e  p rom ptly  determ ined .
T he location  and  spatia l o rgan iza tion  o f  the ham strings, 
quadriceps, tib ialis an te rio r and  triceps su rae/p lan taris ac tiva­
tion  poo ls w ere  found  to  co incide  w ell w ith  th e  location  o f  
the m o to r poo ls innervating  th e  sam e m uscles, as de term ined  
th rough  chrom ato lysis and  horserad ish  perox idase  studies [28], 
[29], [31], [32], [36], [44], [45]. M oreover, d im ensions o f  the 
activation  pools seem ed  to  corre la te  w ell w ith  pub lished  m o to r 
p oo l d im ensions. F o r exam ple, m ean  and  standard  e rro r values 
fo r the  m ed ia l-la tera l, dorsa l-ven tra l and  ro s tra l-cauda l extents 
o f  th e  triceps su rae/p lan taris activation  poo l, sca led  to  re flec t the 
average size  o f  a ll cats in  this study, w ere  0 .6  ±  0 .05  m m , 1.0 ±  
0.1 m m , and  11.4 ±  0.3 m m , respectively . T hese  w ere  sim ilar 
to  values ob ta ined  from  d im ensional m easurem en ts o f  the 
la tera l-gastrocnem ius/so leus m o to r poo l (0 .6  ± 0 .1  m m  w idth ,
0.8 ± 0 . 1  m m  heigh t, and  9.9 ±  0 .9  m m  length) p e rfo rm ed  by 
Van B uren  and  F ran k  [29] using  re trog rade  chrom ato lysis as a 
cell body  m arker. L ocations w ith in  th e  do rsa l and  in te rm ed ia te  
reg ions o f  the gray  m a te r d id  e lic it m usc le  contrac tions w hen  
e lec trica lly  stim ulated . B ut, these  in te rneu rona l locations d id  
no t m ee t the activation  p oo l crite ria  set forth  in  th is study and
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Fig. 9. Three dimensional representation of hamstrings (volume covered by crossed meshwork), quadriceps (dots), tibialis anterior (clear) and triceps 
surae/plantaris (zig-zag lines) activation pools in the left side of the ventral lumbo-sacral spinal cord. The plane formed by the dorsal-ventral (vertical) axis and 
rostral-caudal (long horizontal) axis falls on the midline of the cord. The plane formed by the medial-lateral (short horizontal) axis and the rostral-caudal axis is at 
the same depth as the bottom of the pools. Tick marks are 1 mm apart, and segment labels are positioned at the beginning of the corresponding spinal segment.
Fig. 10. Threshold stimulus levels. Shown are the cumulative distributions of 
stimulus levels in the quadriceps, tibialis anterior and triceps surae/plantaris 
activation pools at which activity was first detected in each of the respective 
target muscles. Dashed lines indicate that half of the sampled quadriceps 
activation pool locations had threshold currents of 10 /.tA or less, while half of 
the sampled tibialis anterior and triceps surae/plantaris activation pool locations 
had threshold currents less than 15 /.tA.
w ere  therefo re  d isregarded . T he m ajo rity  o f  in terneuronal lo ­
cations w ere ac tivated  w ith  stim ulus cu rren ts > 40  /jA ,  possib ly  
due to  th e  effect o f  sod ium  pen tobarb ita l anesthesia  on  their 
level o f  excitability . In terneu ronal locations tha t w ere  activated  
w ith  40  //A  o r less d id  no t m eet the range criterion , possib ly  
due to  th e  ro le  o f  som e o f  these  locations in  in terconnecting  
m u ltip le  m o to r pools. S elective and  synerg istic  activation  o f  
m uscles by  m icrostim ula ting  the in tact, unanesthe tised  spinal 
co rd  o f  ch ron ica lly  im p lan ted  an im als is d iscussed  e lsew here
[26].
T he c ross-sec tional area o f  the  activation  poo ls varied  along 
the ir long itud inal axis, g iv ing th em  a genera l bead -like  shape. 
A lthough  w e canno t p rove  tha t this is n o t an  artifact o f  our 
sam pling  m eth o d  and  th e  techn ique u sed  to  ou tline  the poo l 
perim eters, the cross sec tional area versus d is tance  along the 
co rd  curves o f  the activation  poo ls a re  sim ilar to  the cell d en ­
sity  g raphs constructed  by  R om anes [28] fo r m o to r poo ls inner­
vating  quadriceps, tib ialis an terio r and  triceps su rae/p lan taris. A  
sim ilar bead-like  appearance  o f  ind iv idual m o to r poo ls w as also  
repo rted  b y  Van B uren  an d  F ran k  [29] and  B urke  et al. [31]. F u r­
therm ore , the genera l appearance  o f  th e  com bined  m ap  o f  ac ti­
vation  poo ls show n in  F ig . 9 co incides w ith  the bead ed  shape o f  
the segm ent L 6  m o to r co lum n p resen ted  by  T esta [30].
Fig. 11. Distribution of stimulation ranges in all sampled locations within the 
(a) quadriceps, (b) tibialis anterior, and (c) triceps surae/plantaris activation 
pools. Stimulation ranges are expressed as the ratio of the current at which 
contractions were detected in hindlimb muscles other than the target muscle 
(or 100 /.t A, whichever was lower) to the threshold current.
T he resem b lance  betw een  activation  and  m o to r pools, in 
term s o f  the ir location  in  the spinal cord, d im ensions and  
genera l struc tu ra l appearance , and  th e  low  th resho ld  curren ts 
n eed ed  to  e lic it m usc le  con traction , ind ica te  tha t th e  e lec trical 
stim ula tion  w as p rim arily  activating  axon-h illocks (in itia l ax ­
onal segm ents o f  m o to r n eu rons) o r m o to r neuron  ce ll bodies, 
in  the ven tral h o rn  [46]. T he p resence  o f  activation  pools, 
therefore, suggests the p resence  o f  spatia lly  segregated  clusters 
o f  m o to r neurons an d  fibers in  th e  sp inal co rd  tha t innervate  
ind iv idual m usc le  groups and  are  no t con tam inated  b y  fibers
20 IEEE TRANSACTIONS ON REHABILITATION ENGINEERING, VOL. 8, NO. 1, MARCH 2000
innervating  o ther m uscles. T he re la tive ly  large stim ulation  
ranges fu rther supports the lack  o f  con tam ination  o f  th e  neura l 
c lusters by  fibers innervating  nonhom onym ous m uscles.
S ince the activation  poo ls in  the ca t c lose ly  co rrespond  to 
sp inal co rd  m o to r pools, it is like ly  that th e  re lative o rgan iza­
tion  o f  activation  pools is the sam e fo r o th er m am m alian  species 
such as th e  rab b it [47] and  the hum an  [44], w ith  the m ain  d if­
ference  being  the ro stra l-caudal location  o f  the poo ls re la tive  to 
the sp inal co rd  segm ents, im ply ing  that functional segregation  
is a lso  m ain ta ined  in  o ther m am m alian  species.
B. F u n ctio n a l Im p lica tions
O ur resu lts dem onstra te  tha t th e  activation  poo ls in the 
lum bo-sacra l sp inal co rd  are  spatia lly  and  functionally  seg ­
rega ted  such  tha t w hen  they  a re  e lec trica lly  stim ula ted  in  the 
anesthetized  o r th e  unanesthetised , d ecereb ra te  ca t [24], in d i­
v idual m u sc le  g roups in  the h ind lim b  are  se lectively  activated. 
T hough  the m app ing  in  this study  concen tra ted  on  finding 
locations in  the sp inal co rd  from  w hich  independen t contro l 
o f  th e  m ain  k nee  and  ank le  flexo r and  ex tenso r m uscles cou ld  
b e  achieved, sim ilar resu lts w ou ld  be  expec ted  fo r m uscles 
con tro lling  th e  hip.
A lthough  the p roposed  stim ula tion  site  is novel, m uch  o f  the 
existing  w ork  on  p eriphera l stim ula tion  fo r FN S can  b e  app lied  
to  sp inal co rd  stim ulation . In  particu lar, con tro l strateg ies, in ­
c lud ing  opera tion  o f  b ia rticu la r m uscles, developed  fo r use  in ­
tram uscu lar o r nerv e  cu ff e lec trodes, shou ld  b e  app licab le  to 
sp inal co rd  FN S [48].
T he re la tive ly  large stim ula tion  range observed  in  our ex ­
perim en ts suggests tha t sp inal co rd  stim ula tion  cou ld  p roduce  
sm ooth  and  g raded  m usc le  con tractions. T his is confirm ed  in the 
com pan ion  pap er [27]. Specifications fo r an  e lec trode  array  to 
b e  ch ron ica lly  im p lan ted  in  the sp inal co rd  e lec trode  have  been  
p roposed  b ased  on  the d im ensions o f  the activation  pools in  the 
sp inal cord , th e  fo rce  genera ted  th rough  sp inal co rd  stim ulation  
re la tive  to  m ax im u m  m u sc le  fo rce, and  the ex ten t o f  stim ulus 
sp read  as a  function  o f  cu rren t am p litude  [24].
T he sp inal co rd  in  various verteb ra te  species contains com ­
p lex  circu itry  responsib le  fo r p roducing  involved m o to r o u t­
pu ts such as locom oto r pa ttern  genera tion  and  phasic-lim b  p o si­
tion ing  [49 ]-[5 5 ]. G isz ter e t al. [56] have show n th a t stim ulation  
o f  p rem o toneu rona l ne tw orks p roduces a  reperto ire  o f  “na tu ra l” 
o r stereo typed  m ovem ents in  the fro g ’s h ind lim b  involving m u l­
tip le  m uscles. S uch m ovem ents w ere  tr iggered  b y  stim ulating  
th rough  sing le  e lec trodes im p lan ted  in  dorsal and  la te ra l ’n eu ­
ro p il’ reg ions o f  the lum bar sp inal co rd  [56]. W h ethe r this w ould  
o ccur in  b ipeda l m am m als, such as hum ans, is p rob lem atical. 
T he cu rren t study  em phasized  selective activation  o f  ind iv idual 
functional m usc le  g roups b y  stim ula tion  o f  th e  spinal co rd  ven ­
tra l ho rn  gray  m ater. S uch em phasis stem s from  the  n eed  to  g en ­
era te  novel m ovem en t com binations and  co rrections in  FN S ap ­
p lica tions. F o r exam ple, selective activation  o f  ind iv idual m u s­
cles w ou ld  b e  desirab le  in  situations such as stand ing  up  from  a 
w heelchair an d  tak ing  one o r tw o steps to  reach  som eth ing , to 
u se  the to ilet, o r to  get in to  bed.
B ased  on the re lative arrangem en t an d  geom etry  o f  ac tiva­
tion  poo ls in  the lum bo-sacra l sp inal cord, the force recru itm en t
characteristics o b ta ined  th rough  spinal co rd  m icrostim ula tion
[27], in terac tions betw een  e lec trodes im p lan ted  a t vary ing  d is­
tances in  the sp inal co rd  [24] and  am oun t o f  tissue  d isp lacem en t 
due  to  e lec trode im plan ta tion  [57], w e p ro p o sed  specifications 
fo r a  sp inal co rd  elec trode  array  su itab le  fo r im plan ta tion  in  the 
lum bo-sacra l sp inal co rd  fo r the pu rpose  o f  resto ring  m obility
[24].
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